Abstract-In the non-line of sight (NLOS) ultraviolet (UV) scattering communication, the received signals exhibit the characteristics of discrete photoelectrons due to the extremely large path loss. We design and demonstrate an NLOS UV scattering communication system in this work, where the receiver-side signal detection is designed based on a discrete-time Poisson channel model. In our system, a laser and multiple photomultiplier tubes are employed as the optical transmitter and detector, respectively. Furthermore, we design algorithms for pulse-counting, synchronization, channel estimation and LLR computation for hardware realization in FPGA board. Simulation results are provided to evaluate the proposed system design and specify the system key parameters. We perform field tests for real-time communication with the transmission range over 1km, where the system throughput reaches 1Mbps.
the channel characterization, the channel link gain and impulse response model have been extensively investigated in [9] [10] [11] [12] [13] [14] . The receiver-side signal characterization and performance analysis has been studied in [15] . The generalized maximum-likelihood sequence detection has been discussed in [16] , and the signal detection with receiver diversity has been investigated in [17] , [18] . Besides the theoretical investigation, experiment works on the NLOS UV scattering channel characterization include the turbulence channel investigation [19] , [20] , the UV photon-counting based detection [21] , and longdistance channel characterization [22] . Research works on the experimental communication system realization to improve the transmission rate and the transmission range have been conducted since year 2000 with several representative endeavors. Experimental communication systems with transmission data rate of 2kbps over 1km distance has been reported in [23] . Semi-real-time communication systems with nearly 80kbps air-face data rate over 30m NLOS transmission links, real-time experiments with nearly 2.4kbps air-face data rate over 90m LOS and 500kbps air-face data rate over 50m NLOS transmission links based on RS and LDPC code have been accomplished in [24] [25] [26] . The link budget analysis based on experimental data for LDPC codes with air-face symbol rate 2Mbps and distance over 80m is performed in [27] . Furthermore, demonstration of 400kbps throughput over transmission distance 500m based on concatenated code has been realized in [28] .
In this work, beyond the work [28] , we extend the transmission distance and data rate of NLOS UV scattering communication to 1km and 1Mbps, respectively. We still employ an UV laser as the transmitter, with an external-modulator for on-off keying (OOK) modulation. Receiver diversity is adopted with equal gain combining since the signal intensities at different detectors are approximately the same. We design and realize signal processing algorithms based on the discretetime Poisson channel model. Computer-based simulations are conducted to evaluate the performance of the designed communication system. Furthermore, we realize a real-time point-to-point SIMO UV communication system consisting of multiple photomultiplier tubes (PMTs) with optical devices and amplifying circuits, FPGA boards for implementation of digital signal processing, and computers for real-time encoding and decoding of channel codes in software. We complete a real-time communication experiment with the transmission distance over 1km and the resulting throughput can reach 1Mbps.
This paper is organized as follows. In Section II, we provide the channel model and block diagrams of the proposed NLOS UV scattering communication system. In Section III, we address the signal processing at the receiver side. Simulation and real experimental measurement results are shown in Section IV. Finally, we conclude this paper in Section V.
II. SIGNAL CHARACTERIZATION AND SYSTEM BLOCK DIAGRAM
A. Discrete-time Poisson Channel with Receiver Diversity
Consider the NLOS UV scattering communication system with receiver diversity. We employ a UV laser with constant power P t at the transmitter side. An external modulator is used for the on-off keying (OOK) modulation, which changes the direction of the UV light beam for symbol s k , such that for s k = 0 the light can be blocked at the transmitter side while for s k = 1 the light can be emitted. At the receiver side, multiple detectors are employed to increase the received signal intensity. Due to the extremely large path loss of the NLOS scattering communication, the detected signal can be characterized by discrete photoelectrons whose number satisfies a Poisson distribution. We assume that given the transmitted symbols and the link gains of the receivers, the numbers of photoelectrons for different detectors are independent of each other due to independent photon reception and photoelectric conversion of different detectors.
Assume that K detectors are employed at the receiver side. Let N k denote the number of received photoelectrons from detector k, which satisfies the following Poisson distribution
where λ s,k and λ b,k denote the mean numbers of detected photoelectrons at detector k for the signal and background radiation components, respectively. For the transmission symbol rate R s under OOK modulation, we have that
where η k , h, ν and ξ k denote the quantum efficiency of detector k including optical filter and photon-detector, Planck's constant, the frequency of the optical signal and the path loss from the transmitter to detector k, respectively.
B. Communication System Block Diagram
At the transmitter side, the information bits are randomly generated and encoded in the transmitter-side personal computer (TX-PC). The encoded blocks are divided into transmission frames and sent from the TX-PC to the FPGA board via ethernet cable. On the FPGA board, the synchronization and pilot sequences are added at the head of each frame and certain protection intervals are added between consecutive frames. The frames with protection intervals are exported via the pin of FPGA board, which drive the external modulator of the UV laser.
At the receiver side, PMTs are employed as the photondetector, which can convert the received photoelectrons to analog pulses such that photon counting can be realized via pulse counting. A HAMAMATSU PMT (R7154 module) detector is integrated with an optical filter and a sealed box, which passes the light signal in the UV spectrum of wavelength around 266nm and blocks the background radiation in other spectrum. To enable effective pulse counting process, attenuators, lowpass filters and amplifiers are adopted. The pulses are firstly attenuated by the electrical attenuator such that it falls into the input range of the amplifier and then amplified. The amplified pulses pass through the low-pass filter such that the pulse width can be increased and the rising edge detection for pulse counting can be performed more accurately. Analog-todigital converters (ADCs) are employed such that the rising edge detection can be performed in the digital domain. The digital processing of synchronization, channel estimation and symbol detection are performed sequentially based on discretetime Poisson channel characterization in the FPGA board. To achieve the processing for receiver diversity, a Xilinx Virtex-6 ML605 board is adopted to support multiple ADCs. The soft information of received signal detection is packed at the FPGA board and sent to the receiver-side personal computer (RX-PC) through the ethernet cable, which is employed for decoding at the receiver side. The block diagram and experimental system of the entire NLOS UV scattering communication link are shown in Figure 1 and Figure 2 , respectively.
III. DIGITAL SIGNAL PROCESSING IN HARDWARE REALIZATION
We outline the digital signal processing in FPGA hardware realization, including the pulse counting with receiver diversity combining, the counting-based synchronization, the countingbased channel estimation and LLR computation, and the LDPC construction and decoding.
A. Pulse-count and Receiver Diversity Combining
Based on the output waveform of the AD-convertor for each PMT, the pulse counting can be realized according to the rising-edge detection with a voltage threshold V thd . A pulse can be recorded if the previous sample voltage is lower than V thd and the current sample is higher than V thd .
Note that since the K PMTs are placed close to each other, the received signal intensities are virtually the same. Then the maximum-likelihood detection among the K detectors can be approximated by equal gain combining, which is adopted for K PMTs in this work.
Let N k denote the number of pulses of PMT k in a symbol duration. For the equal gain combining, letting N = 
B. Counting-based Synchronization
Note that the pulse-counting has been investigated in [29] . We employ pulse-counting-based digital signal processing for synchronization. Since the starting time of a frame is difficult to detect, in this work the received signal is considered to be divided into chips with duration T c = Ts M , where T s denotes the duration of one symbol. For certain chip index t, the numbers of pulses in the past LM consecutive chips are reserved in an L × M matrix C t , where each element denotes the number of pulses in chip t−(i−1)M −j +1 for 1 ≤ i ≤ L and 1 ≤ j ≤ M . Let s denote the chip-level synchronization sequence containing the LM consecutive chips corresponding to the L binary symbols. The synchronization is formulated by the following maximum auto-correlation problem,
where 1 T L and 1 M are all-one L-dimensional row and Mdimensional column vector, respectively; andt denotes the estimated ending index of the synchronization sequence.
The synchronization based on Equation (3) requires finding the optimalt with the maximum correlation peak among all possible positions, which leads to a large delay in hardware realization. To reduce the delay, we adopt reduced-complexity synchronization based on shortening the search window. Let C thd denote a threshold for activating the peak value searching, and W denote the width of the searching window, which are pre-determined via training from existing experimental results. The search on the maximum correlation peak is activated in the interval [t,t + W T c ), once s T Ct1 M > C thd . The performance of proposed algorithm depends on the preset values of C thd and W . The time delay W T c is brought by the proposed peak value searching.
C. Channel Estimation and LLR Coumputation
The synchronization sequence is also adopted for channel parameter estimation. Letting C s denote the number of pulses in the pilot symbols corresponding to synchronization sequence s, we have C s = Ct −W Tc due to the synchronization delay, where the number of pulses for each symbol can be obtained via merging those of consecutive M chips. Hence the mean of signal component λ s and background radiation λ b for each symbol can be estimated by the following unbiased estimation,
wheres = 1 L − s. Since N has been denoted as the number of pulses in one symbol, according to Equation (1), the loglikelihood ratio (LLR), denoted as L(N ), is given by
The hardware realization of channel estimation and LLRcomputation is based on Equations (4) and (5), respectively. Since the division operation is difficult to realize in a realtime high-speed manner, to reduce the computational complexity of channel estimation, the quantized results of division θ 
For the low-complexity realization of LLR-computation, let φ i,j = psi log( 
D. LDPC Code Construction and Decoding
A (n c , k c ) irregular LDPC code is employed for error correction, where n c and k c denote the number of coded and information symbols, respectively. We consider the construction of parity-check matrix proposed in [30] . The proposed construction of the parity check matrix
, where H 1 is a regular block-wise Quasi-Cyclic (QC) low-density circular matrix [31] . A (J, D)-regular QC parity-check matrix H 1 is specified as follows,
where I p (p j,l ) represents the circulant permutation matrix with element one at column [(r + p j,l ) mod p] in row r, for 1 ≤ r ≤ p − 1, 1 ≤ j ≤ J − 1 and 1 ≤ l ≤ D − 1; and I p (0) denotes a p × p identity matrix. For the girth larger than or equal to 6, we set p j,l = [(q
where p is a prime number and q 1 and q 2 are two nonzero distinct elements of GF(p). Moreover, H 2 is a (n c − k c ) × (n c − k c ) square sawtooth matrix given by
The systematic generator matrix G kc×nc corresponding to above parity check matrix H is given by
is the binary transposed inverse of H 2 given by
We adopt the reduced-complexity message passing algorithm (MPA) for the LDPC decoding proposed in [32] . For the Tanner graph corresponding to the parity-check matrix H, let M(n) and N (m) denote the set of check nodes linked to the n th variable node and the set of variable nodes connected to the m th check node. Let L m→n (N n ) and Z n→m (N n ) denote the message passed from the m th check node to the n th variable node and from the latter to the former, respectively.
The updating of passing message for the MPA is shown as follows. Initialize L m→n (N n ) = 0 and Z n→m (N n ) = L(N n ). The external message update at the n th check node for n ∈ N (m) is given in the Equation (9), where α is a normalization constant larger than one. The external message update at the m th variable node for m ∈ M(n) is given by
The decision for each symbol is based on the following equation,
The detection resultŝ
The symbol detection is performed in each iteration, and the MPA terminates if the parity check relation is satisfied, i.e., Hŝ = 0. The decoding failure is recorded if the parity check relation has not been satisfied within a preset threshold of iteration times, which is typically set to be 10 or 20 in practical implementation.
Since the LDPC block length typically reaches several thousands to ten thousands, each block needs to be divided into Q segments for transmission. Synchronization and indication sequences are then added in front of each segment, where the indication sequence stores the block location of each frame in the LDPC block. Each frame contains (
where L and L p are the lengths of synchronization sequence and indication sequence, respectively. The structure of a frame is shown in Figure 3 . Fig. 3 . The structure of a transmission frame. 
IV. SYSTEM DESIGN WITH SIMULATION AND EXPERIMENTAL RESULTS

A. System Specification with Simulation Results
We specify the NLOS UV communication system under consideration. Let the number of detectors K = 3, the transmission symbol rate of OOK modulation R b = 2M bps, and the number of chips within a symbol duration M = 10. Note that the solar background radiation is approximately 1 × 10 4 to 5 × 10 4 counts per second at the wavelength 266nm. Due to the inter-symbol interference from the lowpass properties of the external modulator, around half chip of pulses for OOK symbol off is affected by the previous symbol on, which implies that the background radiation intensity can increase via an amount λs 2M if the inter-symbol interference is not taken into consideration. Hence we adopt certain margin for the background radiation intensity within each symbol duration, and set λ b ∈ {0.1, 0.2, 0.3, 0.4, 0.5}. For rate-0.6 (12630, 7578) and rate-0.8 (12630, 10104) LDPC codes, we show the BER versus λ s in Figure 4 ; and for the length of synchronization sequence L = 64 and L = 128, we plot the miss synchronization rate (MSR) against λ s in Figure 5 . It is observed that for rate-0.6 code, the BER can drop below 10 Figure 6 .
B. Lab Test on the Communication System Performance
We conduct real-time communication performance lab test on the system performance before outdoor field test, with the designed system parameters from the simulation results. The entire experimental system is shown in Figure 2 . Limited by the laboratory space, two OD3 UV optical decay plates are employed to emulate the weak link gain of the scattering channel, where the attenuation factor for each one is 3.4 × 10 3 and thus the entire path loss is over 1.16 × 10 7 . The sampling rate of ADC module is 100MHz, the wavelength of UV light is 266nm, the transmission power is 30mW, and the air-face transmission symbol rate is 2Mbps. Figure 7 plots the output waveform of a PMT under constant UV light power and OOK-modulated signals. Each negative pulse corresponds to one or several detected photoelectrons, where the pulse duration is 10ns. The distributions on the number of pulses for OOK symbol on and background radiation are illustrated in Figure 8 , where Poisson distribution fitting is also plotted for comparison. We have also conducted real-time communication for lab test and obtained the following results. For totally 2 × 10 4 transmitted frames, miss synchronization occurs for fewer than 50 frames, and decoding error occurs for only 1 frame. Based on above test results, we conclude that the throughput is nearly 1 − (50 + 1)/(2 × 10 4 ) × 1263/(1263 + 17 + 64) × 0.6 × 2Mbps ≈ 1.125Mbps.
C. Field Test over 1km
We carried out the outdoor field test on the real-time UV communication. The locations of transmitter and receivers were placed in two buildings shown in Figure 9 . The transmission distance was 1.03 kilometers and about 1 degree offset angle was adopted. The date of outdoor field test was Apr. 21 st in 2017, where the weather conditions were 11 • C−22
• C, cloudy, and northwest wind of 5.5 ∼ 7.9m/s. All parameters for outdoor field test are shown in Table I . We show the transmitter-side and receiver-side test bed in Figures 10 The results of field test are shown in Table I . For totally 1.7 × 10 4 transmitted frames, miss synchronization occurs for 221 frames, and decoding error occurs for only 5 frames. Hence the results imply that the throughput is nearly 1 − (221+5)/(1.7×10 4 ) ×1263/(1263+17+64)×0.6×2Mbps ≈ 1.113Mbps. 
V. CONCLUSIONS
We have designed the system and finished hardware realization based on receiver diversity for the NLOS UV scattering communication over 1km, where the system throughput can reach more than 1Mbps. Higher data rate and longer transmission range can be achieved if more powerful optical devices and more capacity approaching coded modulation are employed, which remains for future work.
